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The cosmological constant is the  
biggest mistake of  my life!
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The cosmological constant is back!
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… and the quest 
for dark energy 

begins!
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Measuring the H(z) or D(z) at many redshifts  
gives us constraints on the components of  the Universe 

More matter, less dark energy

Less matter, more dark energy

H0

ȧ(t) ={
[k

m
/s

/M
pc

]

H2(z) = H2
0

⇥
⌦m(1 + z)3 + ⌦⇤

⇤
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What is this 
standard ruler?
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BAO are imprinted in large scale structures 

BAO

After recombination, the sound horizon 
grows only due to the expansion

The origin of the standard ruler

17 (sdss3.org)
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Galaxies or Quasars
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        Small over-densities � ⇡ 1
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Apache Point Observatory, New Mexico, USA

Beginner 
3 min / fiber

Professional 
30 min / plate

Repeat that for 2400 plates during 5 years! 

More than 1.3 million galaxies observed

More than 300 000 quasars observed



BOSS
Baryon Oscillation Spectroscopic Survey

Apache Point Observatory, New Mexico, USA

(Bolton et al. 2012)



OUTLINE

• Expansion of the 
Universe 

• Baryon Acoustic 
Oscillations 

• The BOSS survey

• Measuring the flux 
correlation function 

• Results on data 

• Cosmological 
implications 

• Future

Part I Part II

24



PART II
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and cosmology
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MEASURING BAO 
WITH FORESTS
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Busca et al. 2013 
Slosar et al. 2013 
Kirkby et al. 2013 

Font-Ribera et al. 2013 
Delubac, JB, et al. 2014 

JB et al. 2017 
Du Mas des Bourboux et al. 2017
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COMPUTING FLUCTUATIONS
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continuum 
continuum x mean abs. �q(�) =

fq(�)

Cq(�)F̄ (z)
� 1
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Redshift-space distortions 
due to matter infall  

towards potential wells 
(Kaiser 1987,  

McDonald 2003)
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Redshift-space distortions 
due to matter infall  

towards potential wells 
(Kaiser 1987,  

McDonald 2003)
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Expansion rate with BAO

This measurement

Qso x Lya DR11 
(Font-Ribera++2014)

BOSS CMASS 
(Alam++2016)

6dF  
(Beutler++2011)

BOSS LOWZ  
(Ross++2015)
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Expansion rate with BAO

More matter, less dark energy

Less matter, more dark energy
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Today

Dark + baryonic  
matter density

Dark energy

Curvature

Radiation

H2(z) = H2
0

⇥
⌦m(1 + z)3 + ⌦⇤ + ⌦k(1 + z)2 + ⌦r(1 + z)4

⇤
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Today

Dark + baryonic  
matter density

Dark energy

Curvature

Radiation

H2(z) = H2
0

⇥
⌦m(1 + z)3 + ⌦⇤ + ⌦k(1 + z)2 + ⌦r(1 + z)4

⇤

dot = Planck 2015
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LIST OF TESTS

Astrophysical  
systematics

Instrumental  
systematics

- contamination by metals: Si, C 

- contamination by DLAs, or BALs 

- contamination by galactic absorption 

- effect of UV background fluctuations 

- effect of continuum fitting

- impact of flux calibration 

- impact of sky residuals 

- impact of fiber cross-talk 

- impact of extraction 

All tests were performed on data and mock catalogs
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems

• Metals
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems

• Metals

• Continuum
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems

• Metals

• Continuum

• Noise
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems

• Metals

• Continuum

• Noise

• Sky subtraction residuals
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Create realistic quasar spectra

MockExpander package

• Resolution, binning

• High column density systems

• Metals

• Continuum

• Noise

• Sky subtraction residuals

• Observational errors
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LIST OF TESTS

Astrophysical  
systematics

Instrumental  
systematics

α’s consistent with mock input = 1.0 No significant contribution to errors

Surprisingly very robust measurement!
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eBOSS

(Weinberg et al. 2013) First BAO measurement  
with quasars at z = 1.5 

(Ata et al. 2017)
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eBOSS

The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX)

The Subaru Hyper-Suprime Camera and Prime Focus Spectrograph (PFS)

The Dark Energy Spectroscopic Instrument (DESI)

Large Synoptic Survey Telescope (LSST)

Euclid

The Wide Field Infrared Survey Telescope (WFIRST) 
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Conclusions

• Dark energy is a mystery and we need more data! 

• BAO is a robust method to study expansion 

• Lyman-alpha forests allow high redshift exploration 

• With BOSS, we measure H(z=2.3) to 3%, giving 
independent detection of       !  

• Future surveys are coming soon!

⌦⇤


